V ibrational and structural inform ations for carbon subnitride, a molecule possessing a linear symmetrical structure with the point group h , have been used to determine the mean-square am plitude quantities and mean am plitudes of vibration for the bonded and nonbonded atom pairs at the temperatures T -0 and T = 298 °K by the C y v in method. The molar thermodynamic fu nc tions have been computed for the temperature range 100 -6000 °K on the basis of a rigid rotator, harm onic oscillator model. Bond polarizabilities, molecular polarizability and polarizability deriva tives corresponding to absolute R a m a n intensities of modes in the ground electronic state have been calculated by the L ip p i n c o t t -St u t m a n method employing the delta-function potentials.
Carbon subnitride has a system of three con jugated triple bonds and was first reported by M o u r e u and B o n g r a n d 1 and later by B l o m q u i s t and W i n s l o w 2. One may find its physical and chemical properties described in a review form by M o u r e u and B o n g r a n d 3. An X-ray diffraction study of the crystal structure by H a n n a n and C o l l i n 4 has estab lished that carbon subnitride has a linear symmetri cal configuration with the symmetry point group c i , . M i l l e r and H a n n a n 5 studied both the in frared absorption and R a m a n spectra of this mole cule in the liquid and gaseous states, assigned on the basis of a h symmetry eight of the nine funda mental frequencies and carried out a normal co ordinate treatment. The same investigations were later repeated by M i l l e r , H a n n a n and C o u s i n s 6, all but one of the fundamentals were directly observed by locating many more R a m a n lines and infrared bands and the vibrational assignments were revised. The near ultraviolet spectrum of this molecule in solution and vapour phase was studied and a vibra tional analysis of one of the two band systems was made by M i l l e r and H a n n a n 7 . Carbon subnitride has the same conjugated bond system as dimethyl-:1 C. M o u r e u and J. C. B o n g r a n d , A nn. Chem. 14, 5 [1920] . 4 R. B . H a n n a n , j r . and R. L . C o l l i n , Acta Cryst. 6. 350 [1953]. 5 F. A. M i l l e r and R. B . H a n n a n , j r ., J . Chem. Phys. 21. 110 [1953] , (i F. A. M i l l e r , R. B . H a n n a n , j r ., and L. R. C o u s i n s . J. Chem. Phys. 23, 2127 Phys. 23, [1955 . 7 F. A. M il l e r and R. B . H a n n a n , j r ., Spectrochim. Acta 12, 321 [1958] .
triacetylene 8, plus a pair of nonbonding electrons with opposite spins on each nitrogen atom and should therefore exhibit all the j i-ti transitions of dimethyltriacetylene in addition to the n-rr transi tions 9. M i l l e r and H a n n a n 7 explained the two ob served band systems and made a new vibrational assignments for the ground and upper states in con junction with the earlier investigations5-°. The results favour a linear conformation in both the ground and upper states. The fundamental frequen cies in cm -1 for carbon subnitride in the ground state are given in Table 1 . 
V9
Sym m etrical C -C = C bending 107 It is the aim of the present investigation to evalu ate the mean amplitudes of vibration by the C y v i n method 10 with the recent vibrational and structural data compute the statistical thermodynamic functions on the basis of a rigid rotator, harmonic oscillator model and calculate the molecular polarizability and derived polarizabilities by the L i p p i n c o t t -S t u t m a n method 11 employing the delta-function potential for carbon subnitride.
M ean A m p litu d e s o f V ib ra tio n
The carbon subnitride molecule having a point group Ax>h gives rise to thirteen vibrational degrees of freedom constituting nine fundamental frequen cies which are distributed under the various irre ducible representations as follows: 3 v g+ (R, p) + 2 2 V ( 1 , 1) + 2 R, dp) + 2 jiu (I, J_) where R, I, p, dp, and _L stand for R a m a n active, infrared active, polarized, depolarized, parallel and perpendicular, respectively. On the basis of its struc ture one could expect a resonance between the two C -C vibrations because of mechanical coupling provided by the connecting C = C bond and a con sequence of which the energy levels would repel one another resulting in one being abnormally high and the other abnormally low. This is evidently seen from 692 cm -1 as the frequency of the C -C sym metrical stretching vibration and 1154 cm-1 as the C -C asymmetrical stretching vibration. A similar situation may be observed in the case of dimethyl triacetylene 12. This gives an additional support to M i l l e r and H a n n a n 6' ' for their choice of 692 cm-1 as the frequency of the C -C symmetrical stretching vibration.
Thirteen internal coordinates have been selected here to describe the thirteen vibrational degrees of freedom and they are given as follows: rx and r2 are the C = N stretching coordinates; t is the C = C stretching coordinate; d x und d2 are the C -Cstretching coordinates; and 0 2 designate the C -C = N bending coordinates in the x z plane while (9 / and @2 designate the same in the y z plane; , &2 , </>/ and (P 2 designate the C -C = C bend ing coordinates in the x z and y z planes as those of e,0! 6,6, 0 's (see Fig. 1 ). The equilibrium interbond dis tances C = N, C = C and C -C are being represented here by the symbols R, T and D, respectively. On the basis of the principle outlined by W i l s o n 13, a set of symmetry coordinates satisfying the conditions of normalization, orthogonality and transformations of the concerned irreducible representations has been constructed with the help of the internal coordinates described above and given in the following:
and S9b(
Here the angle displacements are multiplied by the equilibrium bond lengths /?(C = N ), 7' (C = C) and D (C -C) in order to keep the dimensions of the mean-square amplitude quantities referring to the angle bending the same as those of the quantities due to the bonded atom pairs. On the basis of the p rin ciple postulated by W i l s o n 13 and F e r i g l e and M e i s t e r 14, the G matrix elements related to the kinetic energy have been obtained in terms of the above set of symmetry coordinates. One would normally expect twenty five mean-square amplitude quantities for a molecule of the present investigation, but the high symmetry of the molecular system reduces these to fifteen. Since the parallel and per pendicular vibrations do not occur in the same symmetry species, the mean-square amplitude quan tities due to the interaction between the bonded atom pairs and interbond angles are not at all permitted in this case. Following the method of C y v i n 10, the symmetrized mean-square amplitude matrices in terms of the mean-square amplitude quantities were obtained by introducing the symmetry coordinates.
From the secular equation 2 G~x -EA | = postu lated by C y v i n 10, the secular equations giving the normal frequencies in terms of the mean-square amplitude quantities were constructed at the tem peratures T -0 and T = 298 °K with help of the 2 and G matrices and vibrational and structural data 4' Since it is not possible to evaluate all the symmetrized mean-square amplitude matrices under the symmetry species -g+ , the off-diagonal elements were neglected for the sake of convenience to solve the diagonal elements. In the cases of other sym metry species, there are two diagonal elements and one off-diagonal element with two equations under each symmetry species. The equations resulted in imaginary values for the diagonal elements when the off-diagonal element was neglected. Hence the offdiagonal element was taken into consideration and the equations were solved under each symmetry species in the manner described by earlier investiga tors 15~22. The calculated values of the symmetrized mean-square amplitude matrices in Ä 2 are given in Table 2 Table 3 . Mean-square am plitude quantities in Ä 2 for carbon subnitride.
in Table 3 The mean-square amplitude quantities due to the bendings are very much greater than those due to the bonded and nonbonded atom pairs. The situation is reversed for the corresponding force constants. The quantities due to the nonbonded atom pairs are very greater than those due to the bonded atom pairs. The values of the mean-square amplitudes of vibration at the two temperatures are not very different for the parallel vibrations but they are for the perpendicular vibrations. In the cases of nonbonded atom pairs, the mean amplitudes of vibration are in the increas ing order as expected with the increase of interbond distances. In the cases of bonded atom pairs, the mean amplitudes of vibration are in the decreasing order with the increase of bond orders (see Table 4 ). Of particular interest is the fact that the interbond distances in carbon subnitride are about the same as those found in the three related molecules 23-26; cyanoacetylene, hydrogen cyanide, cyanogen and diacetylene, hydrogen cyanide, cyanogen and d i acetylene. The mean amplitudes of vibration at room temperature are as follows: 0.0347 Ä in carbon sub nitride, 0.0349 Ä in cyanogen 27 and 0.0342 Ä in hydrogen cyanide 28 for the C = N bond; 0.0416 Ä in carbon subnitride and 0.0419 Ä in cyanogen 27 for the C -C bond; 0.0354 Ä in carbon subnitride and 0.0358 Ä in acetylene 29 for the C = C bond. This clearly shows that the addition of the third triple bond to a conjugated system has only a minor effect on the structure. Hence the values of mean amplitudes of vibration are readily transferable to related systems having similar chemical bonds with nearly identical interbond distances.
Thermodynamic Functions
The molar thermodynamic functions such as heat content, free energy, entropy and heat capacity of carbon subnitride were calculated using the vibra tional and structural data 4' 7 for the temperature range 100 -6000 °K . A rigid rotator, harmonic oscillator model was assumed and all the quantities were calculated for a gas in the thermodynamic 27 S. J. C y v i n and E. M e i s i n g s e t h , Acta Chem. Scand. 15, 1289 Scand. 15, [1961 . 28 E. M e i s i n g s e t h and S. J. C y v i n , Acta Chem. Scand. 16, 1321 Scand. 16, [1962 . 29 E. M e is i n g s e t h and S. J. C y v i n , Acta Chem. Scand. 15, 2021 Scand. 15, [1961 .
Standard gaseous state of unit fugacity (one atmos phere) . The standard formulae and tables of func tions for the harmonic oscillator contributions were used from P i t z e r 30. The principal moments of A m s t r o n g and M a r a n t z 32 measured the heat of combustion of carbon subnitride in the liquid state and calculated the heat of formation in the gaseous state at room temperature as 120.6 kcal, mole-1 from the data for the heat of vapourization given by 
Molecular Polarizability
On the basis of quantum mechanical models several approaches have been made in recent years and developed in many ways to compute the atomic and molecular polarizabilities in order to test how far the polarizability could be a useful criterion for testing the accuracy of wave functions chosen 34_39.
L i p p i n c o t t and S t u t m a n 11 developed from a deltafunction potential a method of generating component polarizabilities in order to compute the molecular or average polarizabilities with a>[ = (04 + oc2 + <*3) where a, , a2 and a3 refer to the three principal polarizability components. The molecular polarizability is composed mainly of bond parallel com ponents obtainable from molecular delta-function model and bond perpendicular components ob tainable from the atomic delta-function polarizabilities. In addition, corrections to the parallel and per pendicular components are made to compensate for polarity effects. The contribution to the parallel com ponent by the bond region electrons is calculated using a linear combination of atomic delta-function wave functions representing the two nuclei involved in the bond and analytically expressed as a | |b = 4 r a^12(l/ao) ( ( x2) ) 2 where A 12 is the root mean-square delta-function strength of the two nuclei, a0 the B o h r radius, n the bond order and (x2) the mean-square coordinate of a bonding electron which may be expressed as (z 2> = (R 2/4) + (1/2 c 2) .
Here R is the internuclear distance at the equilibrium configuration.
The nonbond region electron contribution to the parallel bond component a ||n is calculated from the fraction of the electrons in the valence shell of each atom not involved in bonding and its respective atomic polarizability; and the basis for such calcula tion is the L e w i s -L a n g m u i r octet rule 40, 41 modified by L i n n e t t 42 as a double-quartet of electrons. As an example, the electronic configuration of carbon sub nitride is given according to the L i n n e t t electronic picture of bonding as follows
where the " dots" represent electrons with spins of + 1/2 and the " crosses" electrons with spins of -1/2. If each nitrogen atom has two electrons in its ground electronic or valence shell, then the non bond region electron contribution for this molecule is a n n = (4/5) aN since 2 of 5 electrons in the valence shell of each nitrogen atom are not involved in the bond formation according to the L i n n e t t electronic picture of b o n d in g 42. This may analytically be expressed as 2 a,, n = 2 fj a;-where fj is the fraction of electrons of the j th atom not involved in the bond formation and a;-the atomic polarizability of the j th L i p p i n c o t t and S t u t m a n 11 assumed that the per pendicular component of a diatomic molecule is simply the sum of the two atomic polarizabilities and this assumption is partially justified by a pictorial representation of perpendicular distortion, a = 2 aA for a non-polar diatomic A 2 molecule. This principle was extended to polyatomics from a consideration of the structure of the molecule and the assumption that each atom if it were not bonded would possess three degrees of atomic polarizability freedom. If an atom forms one bond, one degree of freedom is lost, e. g., a diatomic molecule has 4 residual degrees of freedom. If an atom forms 2 bonds which are linear, only one degree of freedom is lost, e. g. n{\ f for C 0 2 is only 6. Extending this principle to the carbon subnitride molecule, the atomic degrees of freedom remaining is 12. One may refer the earlier in vestigation 11 for a more detailed description. Thus the delta-function model gives explicit expressions for the parallel and perpendicular components and the mean polarizabilities for the diatomic as well as polyatomic systems. A ll these are in accordance with the investigations of D e n b i g h 43 regarding the bond refractions and bond and molecular polarizabilities. The calculated value of the sum of the perpendicular components of all the bonds in the molecule is given as 2 2 aL = 107.960 x 10~25 cm3.
Hence the average molecular polarizability for car bon subnitride has been obtained as follows:
*M = 3 {2 a u b + 2 a" n + 2 2 a j = 68.696 x 10~25 cm3.
There is no experimental value available in the literature for molar refraction of carbon subnitride to derive the molecular polarizability and make a comparison here.
Absolute Ram an Intensities of 2 g+ Modes
There will be a change in the electron distribution and in the forces binding the nuclei when there are changes in the internuclear distances within the molecule; consequently, there will also be a change in the value of the electron polarizability. Much work has so far not been done on this aspect. There is an increase of the polarizability of the covalent bond as the bond goes from lower to a higher vibrational state. If the polarizability is a sensitive measure of the distortion of an electronic distribution under an applied electro-magnetic field, then the change in the polarizability with respect to the internuclear distance between the two atoms should be an effective cri terion for the covalency of a chemical bond. This quantity a = (da/dR) on which the absolute in tensity of the R a m a n scattering depends is experi mentally measurable from R a m a n spectroscopic techniques. Absolute R a m a n intensities are deter mined by the derivatives of molecular polarizability with respect to elongations of the various bonds within the molecule. When a bond stretches, the major change in the molecular polarizability is localized in that bond and so the derivative is a bond property indirectly related to the force constant. The value of the polarizability derivative depends on the bond type 45. It is exceedingly small for a pure ionic bond and very much larger for a pure covalent bond. The recent investigations on the group IV tetrahalides 46 show that it has been assumed to be pro portional to the percent covalency and to the sum of the atomic numbers of the central and peripheral atoms. It is directly proportional to the bond order for the hydrocarbon gases 47. The observed intensity of a R a m a n line is given by
where K is a constant, M the molar concentration of the scattering species, vp the vibrational frequency of the pth normal mode Qp , h the B o l t z m a n n con stant, T the temperature in °K , a the average mole cular polarizability and o the degree of depolariza tion of the observed spectral line. Hence measure ment of the intensity of a R a m a n line provides an immediate calculation for the experimental value of (<5 a/dQ) through well defined transformation, (da/dR) . It is aimed here to derive a functional form (da/dR) for the symmetrical stretching mode of a diatomic and polyatomic systems from the deltafunction potential and apply this to the 2 g+ modes of oscillation in carbon subnitride. The polarizability contribution from the bond region electrons to the bond parallel component for a polyatomic system is directly given here from the delta-function potential as follows:
On differentiating this with respect to the inter nuclear distance R and neglecting terms of small magnitude, we have the following:
The molecular polarizability of a diatomic molecule is written as follows: a = (1/3) (a " + 2 a j J .
The necessary desired quantity is the change in the molecular polarizability due to the symmetrical stretching of the bond and the following approxim a tion may be satisfied:
(da/SR) = ( S a J S R ) .
The quantity (da h/d R )2 is assumed to be directly proportional to the absolute R a m a n intensity of the stretching mode in the ground electronic state. Hence we have As the absolute intensities of R a m a n lines due to the symmetrical C = N, C -C and C = C stretching vibra tions depend on the derivatives of the polarizabilities of the respective bonds, such calculations have been made here from the above derived equation using the internuclear distances, delta-function strengths,
B o h r radius, etc. given earlier for carbon subnitride.
The calculated values of the polarizability derivatives in Ä 2 for the C = N, C -C and C = C bonds are 2. The theory of lig h t scattering in a plasm a is extended by inclu d ing an external electric field (e.g. the field of a laser beam) in calculating the density fluctuations. It is shown that in the presence of a time constant homogeneous m agnetic field there arise density fluctuations with the frequency and the wave num ber of the external electric field. Expansions of the general expressions are obtained for the case that the frequency is large compared to the electron gyrofrequency. The special case that the external electric field is a transverse wave is discussed in detail.
The light of a second beam may be scattered by these forced density fluctuations. The scattered light has the sum and the difference frequency of the two ligh t beams, i.e. light m ixing occurs. In the framework of this theory the effect occurs only if the two beams are parallel. -If one con siders the scattering of the same beam that forces the density fluctuations, the scattered lig h t is the second harmonic.
In the past few years several papers have been published dealing with the problem of the scattering of electromagnetic waves in a plasma. The radiation These conditions mean that in general the fc-vectors must form a triangle. From eq.
(1) and (2) follows that the spectral distribution of the scattered radiation represents the spectral distribution of the electron density fluctua tions, if the primary radiation is monochromatic. By this the problem of calculating the spectrum of the scattered radiation is reduced to the problem of calculating the density fluctuations. This problem has
